Background: Bamboo is among the important plants that help shape the socio-economic fabric of rural India. It provides employment, sustains business ventures, has medicinal applications and even helps in carbon sequestration. Out of 125 indigenous species, Dendrocalamus strictus (Roxb.) Nees occupies 53% of the area of bamboo in the country. Moreover, D. strictus may be used in afforestation of wastelands and rural development programmes due to its adaptability in wider landscapes. Dendrocalamus strictus has different growth forms based on edaphic factors and climatic conditions. DNA profiling was used to analyse the genetic diversity among the different growth forms of D. strictus present in three different locations of Uttarakhand. Methods: The study area includes three locations, first, reserve forest of the Forest Research Institute (FRI), Dehradun; second, Shivpuri near Byasi, Rishikesh; and third, Chiriapur range (Haridwar district). A standard method was used to isolate DNA from young leaves from ten clumps of each growth form. Ten RAPD primers were screened for polymorphism from A and N operon primers and a standard PCR protocol was followed to amplify and visualise DNA bands. The data matrix was analysed and interpreted using statistical software and methods. Results: The cluster analysis, genetic structure parameters, moderate coefficient of gene differentiation and low gene flow value all indicated that these growth forms are genetically dissimilar and that geographic separation as well as physiological/flowering barriers has influenced these variations. These genetically different growth forms can be called ecotypes. Conclusions: Such a study has not been attempted previously with bamboo and will help inform the conservation of the genetic pool of bamboo ecotypes. Seeds of these ecotypes are monocarpic in nature, which means that bamboo plants flower once in their lifetime, so they must be collected and multiplied (as plantations) in their respective habitats.
Background
Bamboos are a type of plant that play a major role in the total forest cover (21.1%) of the Indian sub-continent, contributing 12.8% to the total forest area of the country (Forest Survey of India 2011). India has the second richest genetic pool of bamboo after China (Bystriakova et al. 2003) . Bamboo, traditionally known as the "poor man's timber", is considered a potential export item by the Indian Government for an export market valued at 12 Bn Indian Rupees. The potential size of the industry can be over several million US dollars in coming years.
The National Mission on Bamboo Technology and Trade Development was launched by the Planning Commission of India in 2003, and one of its objectives was to develop several initiatives to place bamboo as a group of key species in the research and development agenda. For example, bamboo plantations can contribute as an important component of the ambitious Greening India Programme (2010-2020; http://www.thehindu.com/news /national/green-india-mission-to-double-afforestation-ef forts-by-2020/article438506.ece).
There are 125 indigenous and 11 exotic species of bamboos belonging to 23 genera in India (Varmah & Bahadur 1980; Tewari 1992) , and Dendrocalamus strictus (Roxb.) Nees (common English name equivalent being "male bamboo") is one of the most important species. It accounts for 53% of the total bamboo area in India and is one of the predominant bamboo species in Uttar Pradesh, Madhya Pradesh, Orissa and Western Ghats. Dendrocalamus strictus is widely distributed in India, especially in semi-dry and dry zones along plains and hilly tracts to an elevation of 1000 m, and can tolerate temperatures as low as − 5°C and as high as 45°C. This species is mainly found in drier, open deciduous forests in hill slopes, ravines and alluvial plains. It prefers well-drained, poor, coarse-textured and stony soils. It occurs naturally on sites receiving as low as 750 mm of rainfall. It is suitable for reclamation of ravine land. It is widely used as a raw material in paper mills, and also for a variety of other purposes such as construction, agricultural implements, musical instruments and furniture. Young shoots are commonly used as food, and decoctions of leaves, nodes and siliceous matter are used in traditional medicines (Muthukumar & Udaiyan 2006) . Deogun (1937) differentiated three major growth forms of D. strictus on the basis of edaphic conditions, isolation aspect, temperature and humidity. These forms grow in different geographical locations and exhibit variation in appearance, and in arrangement and crosssectional thicknesses of culms. They are termed "common", "large" and "dwarf" types. The common type is further categorised as:
Culms with relatively thin walls usually occur in moist shady depressions. Culms that are more or less solid usually occur in hot exposed ridges. Culms with moderately thick walls are usually found under normal conditions of growth.
Rawat (2005) studied these subtypes of the common type of growth form located in three different locations (Dehradun, Shivpuri and Chiriapur) of Uttarakhand State, India. That study reported that D. strictus located at the Forest Research Institute (FRI) campus at Dehradun (a valley) had open upright and tall clumps (approx. range 3-6 m) with hollow culms. Those at Shivpuri (lower Himalayas) had moderately tall clumps (approx. range 2-4 m) that were partially closed and intertwined with a mixture of solid and hollow culms, while clumps of bamboos in the Chiriapur locality (close to River Ganges) were shorter, bushy, closed and highly intertwined with solid culms (approx. range 1.1-1.5 m).
To confirm the genetic variability in and among these growth forms, Randomly Amplified Polymorphic DNA (RAPD), a low-cost, rapid and widely prevalent marker type, was used (Belaj et al. 2001; Deshwall 2005) . Several workers have studied the phylogenetic relationships and characterisation of bamboo (Nayak 2003; Das et al. 2005; Bhattacharya et al. 2006; Bhattacharya et al. 2009 ). Up till now, no study has reported the nature of genetic differentiation of these growth forms and the role of local edaphic and climatic factors specifically in the case of D. strictus.
Methods

Sampling locations
The study involved material from three locations ( Fig. 1) : first, reserve forest of the FRI, Dehradun(F); second, Shivpuri near Byasi (Rishikesh) (S); and third, Chiriapur range (Haridwar district) (C). These locations were selected based on the exclusive presence of different growth forms of D. strictus (Figs. 2 and 3 ). Climatic and soil physico-chemical parameters were also recorded (Table 1 ).
Molecular study
Young leaves (100 g) were collected from 10 clumps from each growth form (corresponding to sampling localities). These leaves were preserved at − 80°C. DNA isolations from each leaf-tissue sample were performed in three replicates. The genomic DNA was extracted from young leaves using the N-acetyl-N, N, N-trimethylammonium bromide (CTAB) method described by Doyle and Doyle (1990) . Young leaves were used to ensure better DNA yield and quality (Gielis, 1997) . After isolation, DNA was quantified and assessed for its purity. A modified RAPD method was used with GenePro (Bioer) thermocycler. Seven RAPD primers were screened for polymorphism using A and N operon primer kits (Operon Technologies Inc., Alameda, California, USA) (Nayak et al., 2003) . Briefly, each 25 μL polymerase chain reaction (PCR) mixture consisted of 20 ng genomic DNA, 100 mM of each dNTP, 100 pM of each primer (Table 2 ), 25 mM of MgCl 2 , 5 U/μL of Taq polymerase and PCR buffer (10×). All the reagents, like buffers and loading dye, used in RAPD were prepared by the standard method of Nayak et al. (2003) .
PCR tubes containing reaction mixture were placed in the block of PCR (GenePro-Bioer) and programmed for initial denaturation at 94°C for 4 min followed by denaturation (94°C; 1 min), annealing (37°C; 1 min) and extension (72°C; 2 min) for 45 cycles. The final extension was performed at 72°C for 10 min. Amplified DNA fragments were then separated on 1.8% agarose gel stained with ethidium bromide and the gel photographed under UV light using a gel doc system (UVP). The molecular sizes of the amplification products were estimated using a 100 bp DNA ladder (100-3000 bp; qARTA Bio, Inc.). 
Data analysis
Each polymorphic band was considered as a binary character and was scored 0 (absent) or 1 (present) for each sample and assembled in a data matrix. Only intensely stained, unambiguous and reproducible bands were scored for analysis. Similarity index was estimated using the Dice coefficient of similarity (Nei & Li 1979) . Cluster analysis was carried out on similarity estimates by the unweighted pair-group method with arithmetic average (UPGMA), using NTSYS-PC, version 1.8 (Rohlf, 1998) . Percentages of polymorphic bands (PPB) were calculated for each primer. The software program POPGENE v. 1.31 (Yeh et al. 1999 ) was used to obtain statistics for the genetic diversity parameters, percentage of polymorphic loci (P), allele number per locus (A), effective allele number per locus (Â e ) and expected heterozygosity (Ĥ e ). Nei's gene diversity (ĥ; (Nei 1973) ), Shannon's diversity index (Î; (Lewontin 1972) ), within-population genetic diversity (Ĥ pop ), total genetic diversity (Ĥ sp ), within-population gene diversity (Ĥ S ), total gene diversity (Ĥ T ), genetic differentiation coefficient (Ĝ st ) and gene flow (Ň m ) were quantified. Nei's (Nei 1973 ) genetic identity and genetic distance between populations were also calculated. Clump nature and internal culm structure of Dendrocalamus strictus growth forms growing at different locations in Uttarakhand. Open, straight bamboo clump (1,2) and hollow bamboo culm at FRI campus (Site-F), partially closed, intertwined clump (3,4) and partially hollow culm at Byasi, Shivpuri range (Site-S) and closed, highly intertwined clump (5,6) and solid clump at Chiriapur range (Site-C). Source: Rawat, 2005 
Polymorphism information content (PIC)
The PIC provides an estimate of the discriminating power of a marker. Polymorphic information content was calculated using the following formula (Roldan-Ruiz 2000):
where PIC i is the polymorphism information content of marker i, f i is the frequency of the marker fragments which were present and 1 − f i is the frequency of marker fragments which were absent. PIC was averaged over the fragments for each primer combination.
Resolving power (RP)
RP of each primer was calculated according to Prevost and Wilkinson (1999) .
Where, Ib represents fragment informativeness. The Ib can be represented on a 0-1 scale by the following formula:
where p is the proportion of all the accessions containing the fragment.
Results
RAPD banding pattern inference
The seven polymorphic RAPD primers provided useful information for the estimation of genetic diversity within and among different growth forms of D. strictus (Figs. 4 and 5). These primers generated 858 reproducible bands, of which 768 (89.5%; Table 3) F1-F10 = FRI Campus; S1-S10 = Shivpuri; C1-C10 = Chiriapur B1 and B2 had high bootstrap values (99.8 for Shivpuri and 98.2 for Chiriapur). The principal coordinate analysis (PCoA) (Fig. 7) revealed the presence of three distinct groups, with the most highly diverse group at the FRI campus and the least diverse at Shivpuri (C3 axis). The principal coordinate plots (Fig. 8) show that the three separate groups are in agreement with the three different growth forms belonging to three geographic locations.
The estimated mean number of observed alleles (Ň a ) was highest in bamboos at the FRI campus (1.699; Table 5 ) and lowest in members of Shivpuri (1.325).
Likewise, the most effective alleles (Ň e ) were observed in FRI campus (1.288) and the least in Shivpuri (1.124). When all the population samples were considered, the overall mean of Ň e was 1.430. The expected Nei's genetic diversity (ĥ) and Shannon's diversity index (Î) were recorded to be higher within members of FRI campus (ĥ = 0.19, Î = 0.30) and lower within Shivpuri culms (ĥ = 0.08, Î = 0.12). Assuming the Hardy-Weinberg equilibrium, the average expected diversity overall (Ĥ t ) was found to be 0.26, with Ĥ s of 0.13 among the members of a population (Table 5) . Observed Shannon indices were 0.40 overall (Ĥ sp ) and 0.23 (among individuals of a population), while the observed Ĝ st among different growth forms of D. strictus was moderate to high (0.49; Table 6 ); likewise, estimated gene flow (Ň m ) among populations of different growth forms was 0.51. In UPGMA dendrograms (Fig. 9) , based on Nei's genetic distance, the growth forms of FRI campus and Chiriapur were in one group, while Shivpuri behaved as a separate group. The observed genetic distance was least between Chiriapur and FRI campus (0.215; Table 7 ) and greatest between Chiriapur and Shivpuri (0.305).
Discussion
RAPD banding pattern
Deogun (1937) differentiated different growth forms of D. strictus in and around Dehradun that were based on various parameters including geographical isolation aspects (different locations), edaphic and climatic (temperature and humidity) conditions. We found that these morphological variants or growth forms could be resolved genetically using RAPD markers. For example, (Table 3) , allowed grouping of growth forms into distinct clusters (Fig. 6) . Likewise resolution into three distinct populations by PCoA (Figs. 7 and 8) , and the observed gene differentiation coefficient (0.49) and gene flow statistic (0.51), highlighted some chances of genetic exchange. This could be attributed to the fact that the bamboos are wind-pollinated and they have physical/physiological barriers that prevent self-pollination and favour crosspollination (Venkatesh 1984; Nadgauda et al. 1993; John et al. 1994 John et al. , 1995 . However, present physical and geographical separation among these growth forms could have promoted inbreeding over outcrossing (Table  1) . No precedent could be traced in the literature with regard to growth forms of bamboos, in general, and D. strictus in particular. Nayak et al. (2003) used 10 primers (A & N operon series) to evaluate genetic variability within 12 different species of bamboos including D. strictus. In the present study, only seven out of 10 RAPD primers of the A and N series were chosen (Table 3 ). All of the tested primers showed high polymorphism (95.2%). The high sensitivity of these primers indicates that they may be used to resolve the genetic variability in future studies on D. strictus. Out of these seven markers, the PIC value (0.30 and above) and resolving power of OPA-20, OPN-11, 13 and OPX-12 could together be used in screening the diversity of D. strictus.
Cluster analysis and genetic structure and differentiation within and among different growth forms/sampling localities of D. strictus
The cluster analysis and PCoA showed high genetic diversity within the plants of FRI campus (Figs. 7 and 8 ). This high diversity within members of the FRI campus growth forms needs further study by exploring their sources of parental lineage. The F3 plant standing out as outlier requires a molecular approach to confirm its identity, in terms of genetic diversity. Moreover, plants of Shivpuri showed least genetic diversity, which could not be explained in the absence of certain concrete information on the source plant material. The average expected Nei's genetic diversity index (0.132) and Shannon diversity index (0.209) observed for D. strictus were less than observed for D. membranaceus (0.164, 0.249 Table 5 Genetic variability statistics for the members of the three growth forms of D. strictus (Yang, 2012) Khashti, D, unpublished report) . This was evident in the present study where the seeds of bamboo are not able to disperse freely due to physical barriers among the three populations, and the local environments presumably helped in shaping their genetic makeup.
Likewise, each growth form must have adapted to its local climatic and edaphic conditions and developed into a genomically distinguishable form of D. strictus. For example, nutrient-leached sandy loamy soil and low available phosphorus (P) in Chiriapur, close to the River Ganges, may have played a role in shaping the morphological features of the bamboo clumps and culms found there. Anderson et al. (2007) reported that rainfall and soil P act more like modulating factors in shaping the diversity and composition of tropical grasslands. Chaplin et al. (1993) also reported that there is interdependence among available soil resources, climate, functional groups of plants and physiognomic types (set of functional and morphological attributes) in shaping the parent plant material. Based on these, it may be inferred that a wide range of rainfall, available soil P, and organic matter played a major role in shaping the morphology of these growth forms; for example, clumps at Chiriapur, which were highly intertwined and closed with solid culms, are consistent with low rainfall and low soil nutrients, especially low P, whereas clumps at the FRI campus were more open, straight and taller with hollow culms, which may be in response to high rainfall and organic matter conditions. Hence, these growth forms or genotypes are locally adapted to their environment and can be referred as ecotypes (Hufford & Mazer 2003) . Such ecotype differentiation may be due to the long-term selection pressure that caused these populations to adapt to local environmental and edaphic conditions (Kawecki & Ebert 2004; Savolainen et al. 2007 ). Such development of ecotypes due to the adaptational pressures of local climate and soil is also reported in other species such as Pinus taeda L. (Bongarten & Teskey 1986) , Picea abies L. (Oleksyn 1998) , Pinus sylvestris L. (Palmroth 1999) , Fagus sylvatica L. (Müller-Stark 1997; Peuke 2002) and Quercus coccifera L. (Baquedano 2008) . Soolanayakanahally et al. (2009) found that species growing in wide geographical ranges showed great potential to acquire larger intraspecific variation in physiology, phenology, morphology and growth rate, which are clearly visible in case of these growth forms of D. strictus growing in different geographical locations. The study presented here reports for the first time substantial differences among growth forms of D. strictus in India, especially in terms of genetic differentiation. The information may be important to capture and conserve the complete diversity of D. strictus, which is a widely present and highly used species in India. Moreover, D. strictus, due to its wider adaptability, can be used in afforestration of diverse wastelands and rural development programmes which can be crucial for economic growth. A shortcoming of this work was that the growth-form populations of D. strictus were not compared in a common-garden trial, which could be slow and difficult to conduct. However, this is seen as far from crucial in the light of the observed DNA marker differentiation.
Conclusions
Different growth forms of D. strictus which are morphologically different and correspond to different geographic localities have proved to be genomically different. Physical barriers, i.e. three different locations separated by rivers and hills, local edaphic and climatic conditions seem to influence the genetic structure of the D. strictus meta population. The genetic variability within the members of same growth form showed less diversity. In future, such study needs to be conducted over a wider geographical area to explore the diversity among or within members of D. strictus growth forms present in different parts of India. 
